secondharmonic generation (P-SHG)
Mueller polarimetry. The dual-and single-shot circular anisotropy measurements can be used for fast imaging that is independent of the in-plane orientation of the sample. They can be used for imaging of contracting muscles, or for high throughput imaging of large sample areas.
muscle, nonlinear optical polarimetry, second-harmonic generation microscopy, second-order susceptibility 1 | INTRODUCTION Second-harmonic generation (SHG) microscopy is a powerful technique for imaging noncentrosymmetric biomaterials such as collagen fibers [1] [2] [3] [4] , myosin filaments [5] [6] [7] [8] [9] [10] , microtubules [11, 12] , and starch granules [13] [14] [15] [16] . The SHG efficiency is characterized by the second-order susceptibility tensor χ (2) whose elements depend on the composition and the 3D organization of the SHG-active molecules. The polarimetric SHG (P-SHG) can be used for extracting the values of χ (2) tensor elements. The simplest P-SHG implementation involves rotating the plane of linear polarization of the incident beam and measuring the intensity of the SHG response of the material. This method has been used to study various biological structures [1-3, 5, 6, 17-24] . Other techniques, such as linear polarizationin, polarization-out (PIPO) SHG microscopy [25] , involve changing the incident linear polarization states and measuring the linear polarization of the outgoing SHG signal from the sample, which results in a more detailed polarization response analysis. Recently, a complete SHG polarimetry technique-double Stokes-Mueller polarimetry (DSMP) [26, 27] -was developed based on a generalized Stokes-Mueller formalism. Using DSMP, 36 P-SHG measurements are sufficient to completely characterize the 2D nonlinear polarization properties of the material.
The most often used P-SHG parameter for structural characterization is the second-order susceptibility ratio
zzz is the susceptibility tensor element for which the generated second harmonic electric field and incident light electric field are along the C 6 symmetry axis of the molecular fiber, such as myofibril or collagen fiber (z) and χ 2 ð Þ 0 zxx is the susceptibility tensor element for which the SHG electric field is along z-axis and the incident light electric field is perpendicular to it. The R-ratio has been previously used to characterize different biomaterials such as tendon [1, 19, 25, [28] [29] [30] [31] , bone [32] , muscle [8, 26, 27, [33] [34] [35] , and starch [15, 16] . The R-ratio was further used to differentiate between normal and cancerous tissues in various organs such as lung [36] , breast [37] , thyroid [38] , and pancreas [39] . The R-ratio measurement can be used as a complementary method along with other histopathology techniques for tissue characterization and differentiation.
Although the R-ratio can be used as a structural biomarker, its measurement is usually accomplished by acquiring many images with different input and output polarization states, which is time-consuming and therefore technically challenging for applications where imaging of fast dynamic processes is required, or for clinical applications where low-intensity laser exposure is necessary. The acquisition time of a polarimetric dataset in SHG microscopy can be shortened by employing motorized fast polarization rotators [9] , liquid crystal retarders [40] , and electro-optical modulators [41] [42] [43] synchronized with the scanning mirrors. Staggered laser pulses for fast polarization switching can also be used [44, 45] . Fast polarimetric detection is usually accomplished by measuring several polarization states in parallel on separate detectors [10, 41, 46, 47] . For example, a single-shot (scan) orientation-independent polarimetric measurement of the R-ratio was accomplished with circularly polarized incident light and three parallel detectors acquiring different linear SHG polarizations [10] . In addition, using only one detector and four linear incoming polarization states an estimation of the R-ratio as well as the orientation of the fibers in the sample were deduced [48] .
In this paper, we utilize incident and outgoing circular polarizations for the R-ratio imaging, and ultimately use only two outgoing orthogonal polarization states which provide the minimum number of measurements to determine the R-ratio. Since we only use incoming and outgoing circular polarizations, this technique is independent of the sample orientation in the image plane. Dualand single-shot measurement techniques are presented in this paper. The dual-shot technique involves measuring circular anisotropy of the SHG signal produced using right-and left-hand circularly polarized incident light (RCP and LCP, respectively), and therefore, it is called a circular anisotropy of circular dichroism (CA CD ). The CA CD expression and its relation to the R-ratio is derived from the DSMP formalism [26] . The measurement of the R-ratio using the CA CD parameter is verified by comparing it to the R-ratio obtained from a full DSMP measurement. If the chiral susceptibility contribution is negligible, the R-ratio measurements can be further simplified to a circular anisotropy measurement with only one incident circular polarization state, providing a singleshot estimation of the R-ratio. The R-ratios extracted with incident RCP and LCP states are also compared to R-ratios from DSMP measurements as well as the dual-shot CA CD technique. The R-ratio measurement techniques are demonstrated for muscle tissue, which is a commonly studied biological sample in P-SHG microscopy.
The dual-shot measurement (with two measurements of the orthogonal outgoing circular polarization states) and single-shot measurement (with only one parallel measurement of two orthogonal states) are much faster than full DSMP (with 36 measurements) or PIPO (with 81 measurements) techniques. Therefore, dual-and single-shot polarimetry measurements using circular polarizations enable new applications of P-SHG microscopy for the imaging of fast kinetic processes such as the flickering of sarcomeres during muscle contraction [49] , and also in large-area polarimetric tissue imaging where high imaging throughput is essential. In this paper, we validate the dual-and single-shot polarimetry experiments using the full DSMP data set.
| THEORETICAL BACKGROUNDS
Nonlinear optical properties of the material responsible for SHG can be succinctly described using double Stokes-Mueller polarimetry (DSMP) formalism [26] . In a DSMP measurement, the incident laser beam is described by a nine element (N = 0…9) double Stokes vector. The incident beam is switched over a set of nine input polarization states (Q = 1…9), S Q : horizontally (0 or HLP), vertically (90 or VLP), and diagonally linearly polarized (±45 ), right-hand and left-hand circularly polarized (RCP and LCP, respectively), linearly polarized at −22.5 , and right-and left-hand elliptically polarized (REP and LEP, respectively). The double Stokes vector elements for this set are given in Samim et al [26] . The incoming polarization set S N,Q represents an invertible double Stokes matrix. For every incident polarization state, a conventional 4 × 1 Stokes vector s 0 γ with γ = 0…3 of the outgoing SHG signal is measured. The resulting 4 × 9 Stokes measurement matrix s 0 γ,Q then contains 36 values:
where Einstein summation is assumed over the index N.
The ℳ (2) matrix can be obtained by inverting the S N,Q matrix [26] . The ℳ (2) matrix is a function of the secondorder susceptibilities and it fully characterizes the 2D second-order polarization properties of the sample. Even though as little as 36 measurements are required to fully characterize the sample in SHG, in many cases even fewer measurements are sufficient to retrieve the R-ratio via various reduced polarimetry methods. We will present two fast measurement techniques, which only use circularly polarized incident and outgoing light to extract the R-ratio. Circular anisotropy of the circular dichroism, (CA CD ), can be defined as the difference in the s 3 Stokes components of the outgoing SHG when generated by RCP (for which Q = 5) and LCP (for which Q = 6) incident light. It can be formulated as follows:
Using Equation (2), and the definition of S N,Q for an SHG process [26] , CA CD can be rewritten as a function of the Mueller matrix elements:
The Mueller matrix elements are functions of the χ (2) tensor elements in the laboratory coordinate system and their associated phase differences [26] :
where XYZ indices correspond to the Cartesian laboratory coordinate system. In this coordinate system, the sample is placed in the XZ-plane and the laser beam propagates along the Y-axis.
In general, χ (2) is a complex number and it can be defined as χ
In addition, the sample is generally rotated with respect to the laboratory-frame, and therefore, the χ 2 ð Þ IJK elements are related to the intrinsic molecular secondorder susceptibility tensor elements χ 2 ð Þ ijk , via a rotation matrix [29] . In an SHG process, χ 2 ð Þ ijk has 18 independent elements. For specific symmetry classes, however, the number of independent elements can be reduced. Since many biological structures, such as myosin, are helical, they can be described by a C 6 symmetry class which reduces the number of nonzero independent χ 2 ð Þ ijk elements to four:
For the case of C 6 symmetry, the χ 2 ð Þ IJK elements can be written in terms of the molecular χ 2 ð Þ ijk elements and the 3D orientation angles of the sample as follows [29] :
where α is the out-of-plane tilt angle with respect to the XZ image plane, and δ is the average in-plane fiber orientation angle measured from the Z-axis in the laboratory frame of reference. By substituting Equations (4) and (5) in Equation (3), the CA CD can be obtained in terms of the products of the magnitudes of the molecular susceptibility tensor elements, χ 2 ð Þ ijk χ 2 ð Þ i 0 j 0 k 0 , the associated molecular phase differences, Δ ijk,i 0 j 0 k 0 = ζ ijk − ζ i 0 j 0 k 0 , and the out-of-plane tilt angle of the collagen fibers, α. The numerator of Equation (3) can be expressed as:
and the denominator can be expressed as:
The in-plane fiber angle, δ, is absent from the Equations (6) and (7) indicating that, for incoming circular polarization, CA CD is independent of the orientation of the sample in the image plane. Equations (6) and (7) show that CA CD depends on the achiral and chiral molecular susceptibilities of the fibers, the phase differences between the susceptibilities, Δ, as well as the out-of-plane tilt angle of the fiber, α. When chiral susceptibilities and phase differences are small, the CA CD can be attributed mainly to the achiral properties of the sample, therefore allowing to extract the R-ratio.
We have previously shown that the achiral molecular χ (2) tensor components are in phase with each other, and therefore, Δ zzz,xxz = Δ zxx,xxz = 0 can be assumed [30] . Furthermore, it is shown that χ 2 ð Þ xxz =χ 2 ð Þ zxx = 1 to a good approximation [37, 50] . By assuming these conditions, CA CD can be simplified to:
where
For samples that are in-plane (ie, α $ 0) or have a relatively small chiral tensor component, it can be shown that the chiral term C can be neglected, hence, the Rratio becomes a simple function of CA CD :
Equation (8) is plotted in Figure 1 as a function of χ (10). Therefore, Equation (10) can even be applied when C-ratio is nonzero but small. In addition, due to the squared R-ratio terms in Equation (8) , for a specific CA CD value, two R-values exist. This is presented in Equation (10) by the plus and minus signs before the square root. If 0 < R < 3, the plus sign is to be taken for the CA CD > 0 values and the minus sign for CA CD < 0. Further, Equation (8) is plotted in Figure 2 as a function of α for different values of χ From Equation (2), it can be seen that four SHG intensity measurements are needed to determine the CA CD values-outgoing I R and I L SHG intensity excited with incident RCP and LCP beams, respectively. Since the required outgoing SHG states are orthogonal, they can be detected in parallel. Thus, the R-ratio can be determined rapidly in a dual-shot measurement with incoming RCP and LCP states in a quick succession.
In addition, a dual-shot measurement involving both RCP and LCP input states can be used to measure the second-harmonic generation circular dichroism (SHG-CD), which is defined as the normalized difference in outgoing intensity of SHG when the sample is excited with RCP and LCP light, (I RCP − I LCP )/([I RCP + I LCP ]/2). SHG-CD can be used to determine the presence of chirality and complexvalued χ (2) tensor contributions as well as a nonzero out-ofplane orientation angle α [30] . Similar to CA CD , the SHG-CD measurement can be described in terms of the measured SHG Stokes vector parameters, which in turn can be expressed in terms of Mueller matrix elements [30] :
It can be then written in terms of the products of the magnitudes of the molecular susceptibility tensor 
zxx is assumed to be 0.55 elements, the associated molecular phase differences, and the out-of-plane tilt angle of the fibers:
The denominator of SHG-CD is the same as the denominator for CA CD in Equation (7) .
Interestingly, for achiral samples (which can be described by the C 6v symmetry class), that have a realvalued χ (2) with χ 2 ð Þ xxz =χ 2 ð Þ zxx = 1, the s 0 components become the same for RCP and LCP incident polarizations and the s 3 components become equal in magnitude and opposite in sign. As a result, the circular anisotropy and thus the R-ratio can be estimated from a single-shot experiment using the incident light with either right-or left-hand circular polarizations (CA R or CA L , respectively), enabling high-throughput R-ratio measurement. In addition, the SHG-CD can be used to validate the small C-ratio approximation and if the single-shot measurement can be used to a good approximation to extract the R-ratio.
| MATERIALS AND METHODS

| Experimental setup
To demonstrate dual-and single-shot measurements of the R-ratio, a custom SHG microscope was coupled to an in-house built diode-pumped Yb-ion-doped potassium gadolinium tungstate (Yb:KGW) crystal-based oscillator [51] operating at a 1028 nm wavelength and generating 430 fs pulses at a 14.3 MHz repetition rate. The microscope, as described in details elsewhere [27] , contains a polarization state generator (PSG) before the excitation objective (20 ×, 0.75 NA, Zeiss) and a polarization state analyzer (PSA) located between a custom 0.85 NA collection objective and the detector. The PSG contains a linear polarizer (Thorlabs LPNIR100), a half-wave plate (HWP) and a quarter-wave plate (QWP). The PSA contains a HWP, a QWP (all wave plates are from Eksma Optics, 461-4208, 461-4408, 461-4232, 461-4432, respectively) and a linear polarizer (Thorlabs LPVISA100). The PSG was set sequentially to nine different polarization states and for each polarization state the Stokes parameters of the SHG signal were measured using the PSA. For dual-shot technique, both incoming and outgoing RCP and LCP are used, while for the single-shot experiment only one of the incident polarizations (RCP, or LCP) is used, while recording both RCP and LCP polarization SHG images.
The sample was raster-scanned using a resonant (EOPC SC30) and galvanometric (Cambridge Technology 6220H) mirror pair. A BG 39 filter and a 510-520 nm band-pass interference filter (Edmund Optics) were used to separate the SHG with 514 nm central wavelength from the incident light. The SHG signal was collected using a photoncounting photomultiplier module (Hamamatsu H7422P-40). Photon counts were fed into a high-throughput FPGA-based data acquisition card (Innovative Integration X5-210M) running a custom firmware. The recorded data was processed by a combination of custom software written in LabVIEW (National Instruments), MATLAB (Mathworks), and C++, which implements DSMP analysis and visualization. The full width at half maximum of the axial point spread function for the microscope with 0.75 NA objective was 1 μm radially and 3.7 μm axially.
| Sample preparation
Muscle samples were prepared from Drosophila melanogaster third instar larvae. The larva was submerged dorsal side up in zero calcium hemolymph-like 3 (HL3) solution [52] and dissected along the dorsal midline. After removing the internal organs, the body was unfurled to expose the body wall muscles. The sample was then fixed in 4% formaldehyde in HL3 for 20 min. After several washes in fresh buffer, the sample was sandwiched between a 1 mm-thick microscope slide and a 0.2 mm-thick coverslip without a spacer and sealed with nail polish. The sample is estimated to be 100 μm thick.
| RESULTS AND DISCUSSION
To validate the dual-and single-shot R-ratio measurement techniques, DSMP measurements were performed on the muscle sample and the R and C-ratios were obtained. Then, using s 0 and s 3 SHG images for RCP and LCP inputs extracted from the DSMP dataset, SHG-CD [30] and CA CD values were calculated. CA-values were also calculated separately for right-and left-circularly polarized incident beam (CA R or CA L , respectively). The CA CD was used for the dual-shot R-ratio measurement while the CA (either CA R or CA L ) values were used for single-shot R-ratio measurement. The R-ratios obtained from full DSMP, the dual-shot technique and the singleshot technique were compared.
The combined intensity of the 36 images of a full DSMP measurement of the muscle sample is shown in Figure 3A . A characteristic striated muscle sarcomere structure with clearly resolved anisotropic bands and M-lines can be observed [7, 53] . The muscle fibers are aligned with the Z-axis of the laboratory frame of reference, which is horizontal in the image. The SHG-CD and CA CD values extracted from the DSMP dataset are presented in Figure 3B ,C, respectively. The SHG-CD histogram shows a normal distribution with a mean 0.02 and a standard deviation of 0.16 indicating that most fibers are in the image plane (α = 0) [30] . Therefore, the sample structure can be described by a C 6v model [30] . The CA CD has a clear negative bias with its histogram being centered around −0.44 with a standard deviation of 0.16, which is consistent with a C 6v symmetry case and the R-ratio of ≈ 0.5 according to Equation (10) (see also Figure 1 ).
Having the fibers oriented in the image plane (α = 0), the per-pixel R-ratio was determined by fitting a C 6v tensor model to the DSMP dataset, and the obtained values are represented as a color-coded map in Figure 4A . The R-ratio histograms are plotted over the color bar below each panel. The average value of the DSMP R-ratio is 0.53 and the standard deviation is 0.14. This is a typical range for R-ratio values in muscle fibers [26, 27, 48] . The dual-shot R-ratio is calculated from the CA CD values ( Figure 3) using Equation (10) and presented in Figure 4B . The obtained R-ratio distribution is centered at 0.54 with a standard deviation of 0.15. The ratio map has somewhat lower SNR compared to the full DSMP measurement, and the histogram has a wider spread accordingly, which is reasonable considering that fewer images and thus less SHG signal was used.
Since the SHG-CD is close to 0, it can be assumed that the chiral contribution is zero and the χ (2) elements are real-valued. In addition, it has been previously shown that χ 2 ð Þ xxz =χ 2 ð Þ zxx = 1 for muscle [27] . The R-ratio can therefore be estimated in a single-shot measurement using any one of the incident circular polarizations. Figure 4C ,D shows the R-ratio maps for incident RCP and LCP states, respectively. The single-shot R-ratio with RCP shows a normal distribution with a mean value of 0.54 and a standard deviation of 0.21, while the single-shot R-ratio with LCP shows a normal distribution around 0.52 with a standard deviation of 0.21. As it can be seen, the R-ratio values obtained using full DSMP, dual-shot, and single-shot measurement techniques are very similar and no statistically significant differences were observed. Therefore, the presented fast polarimetry techniques can be used for fast R-ratio measurement of muscle structures. It should be noted that, the in-plane orientation-independent extraction of the R-ratio also allows to obtain the ratio images when muscle fibrils change orientation, for example during muscle contraction. Further, these techniques can be used for large-area polarimetric tissue imaging where high imaging throughput is essential.
| CONCLUSION
The results presented in this work show that P-SHG microscopy can be used to characterize the molecular zxx for samples possessing real-valued C 6v symmetry in a dual-or even a single-shot measurement, where there is no data fitting required. The measurement of the R-ratio is independent of the in-plane orientation of the sample. The instantaneous R-ratio estimation makes this technique applicable for imaging live samples that show fast structural dynamics and also for highthroughput whole slide imaging where the sample exposure time and acquisition time are limiting factors. These techniques can be integrated with both laser scanning and wide-field SHG microscopes.
